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Abstract

The Ritz variational method is applied to problems of a crack (a cut) in the middle half-plane of a three-dimensional elastic
wedge. The faces of the elastic wedge are either stress-free (Problem A) or are under conditions of sliding or rigid clamping
(Problems B and C respectively). The crack is open and is under a specified normal load. Each of the problems reduces to an
operator integrodifferential equation in relation to the jump in normal displacement in the crack area. The method selected makes it
possible to calculate the stress intensity factor at a relatively small distance from the edge of the wedge to the cut area. Numerical
and asymptotic solutions [Pozharskii DA. An elliptical crack in an elastic three-dimensional wedge. Izv. Ross Akad. Nauk. MTT
1993;(6):105-12] for an elliptical crack are compared. In the second part of the paper the case of a cut reaching the edge of
the wedge at one point is considered. This models a V-shaped crack whose apex has reached the edge of the wedge, giving a
new singular point in the solution of boundary-value problems for equations of elastic equilibrium. The asymptotic form of the
normal displacements and stress in the vicinity of the crack tip is investigated. Here, the method employed in [Babeshko VA,
Glushkov YeV, Zinchenko ZhF. The dynamics of Inhomogeneous Linearly Elastic Media. Moscow: Nauka; 1989] and [Glushkov
YeV, Glushkova NV. Singularities of the elastic stress field in the vicinity of the tip of a V-shaped three-dimensional crack.
Izv. Ross Akad. Nauk. MTT 1992;(4):82—6] to find the operator spectrum is refined. The new basis function system selected
enables the elements of an infinite-dimensional matrix to be expressed as converging series. The asymptotic form of the normal
stress outside a V-shaped cut, which is identical with the asymptotic form of the contact pressure in the contact problem for an
elastic wedge of half the aperture angle, is determined, when the contact area supplements the cut area up to the face of the
wedge.
© 2006 Elsevier Ltd. All rights reserved.

In an earlier paper,! the regular asymptotic method was used, which is effective when there is a sufficient distance
between the crack and edge. The Ritz method was employed in Ref. 4 to solve the analogous problem of a crack in
an elastic layer. A narrow crack emerging at the edge of a wedge was examined in Ref. 5 using the paired integral
equation method. The problem of a crack close to the free boundary of an elastic half-space®’ is a special case of the
problem being solved here (a wedge angle of 180°). The method employed in the second part of the paper is effective
whatever the aperture angles of the crack and the elastic wedge and was applied earlier to contact problems with a
V-shaped contact area.®? A regular asymptotic solution for a V-shaped crack with a small aperture angle in an elastic
wedge showed!? that there are no oscillating terms associated with complex points of the spectrum. Singularities in
the case of a crack reaching a regular surface have been investigated,'! and also singularities of the elastic stresses at
the vertex of a polyhedron.'?
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1. The Ritz method for an elliptical crack in a wedge

The formulation of Problems A, B and C of a cut in the middle half-plane of a wedge with three different types
of boundary condition on the wedge faces was given earlier in Section 1 of Ref. 1. These problems reduce to an
integrodifferential equation (Eq. (1.2) of reference 1). Below, we will retain the notation adopted earlier in Ref. 1, but
with two misprints corrected: 1) in the formula for g2(#) (formula (1.4) in Ref. 1), cth at rather than cth2at should have
been printed; 2) in the formula for g«(«) (formula (1.10) in Ref. 1), 2cos2« rather than cos2« should have been printed
in the numerator.

Let the region of the crack be an ellipse €2 extended along the edge of the wedge:

(r-a)’ic* +2°Ib° <1, b=2c

We will introduce dimensionless quantities by formulae (formulae (2.1) in Ref. 1) containing two principal geomet-
rical parameters: N =a/b and ¢’ = ¢/b (the primes will be omitted below). For simplicity we will assume that a constant
normal load ¢ is applied to the sides of the cut. We then have (Eq. (1.2) in Ref. 1) the following integrodifferential
equation in the function f{r, z) of the cut opening

-8, [ [ dxdy + [ [ £05 WF (s y, 7, )dxdy = 2mg, (r,2) € @ W
Q Q

where R = ((r — x)? + (z — y)*)/? and the function F(x, y, r, z) was defined earlier (see formula (1.8) in Ref. 1 for Problem
A or formula (1.11) in Ref. 1 for Problems B and C, with x replaced by x+ X and r by r+\).
In the limiting case A — oo, Eq. (1.1) has the exact solution

2

f(r2) = AJs(rz), A= EC—(% e=ANl-c", s(rz) = I—Z—Z—z2 (12)

corresponding to a crack in an unbounded elastic medium [5]. Here, E(e) is the complete elliptical integral of the
second kind.

Assuming that A > ¢ (the cut does not reach the edge of the wedge), to solve Eq. (1.1) we will use the Ritz variational
method. We will investigate the minimum of the functional

$(f) = (f, Bf)-4n(f, )

where B3 is the operator on the left-hand side of Eq. (1.1). We will seek a solution in the form
M N
r r
f(r,2) = Ads(r,2) Y, Y, [AanZm(E) + anUZmH(E)]cos(nnz) (1.3)
m=0n=0

where U,,(x) are Chebyshev polynomials of the second kind.
We will use the expansion (formula 2.5.6.4 in Ref. 13, and formula 2.16.14.1 in Ref. 14)

B = %J‘J«/u2+vzcos(u(r—x))cos(v(z—y))dudv (14
00

understood in the generalized sense. Introducing representation (1.4) into Eq. (1.1), on the basis of the conditions for a
minimum of the functional G we obtain a system of linear algebraic equations in the unknown coefficients a,,;, and B,
(m=0,1,...,M;n=0,1, ..., N). Here, the modified Bessel function must be replaced by its integral representation
(formula 2.4.18.4 of in Ref. 13) and account must be taken of the values of the integrals (formula 2.5.44.13 in Ref. 13,
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and formula 2.12.4.6 in Ref. 14)

j j cosAxcosBy/s(x, y)dxdy = 2ncF,(cA, B)
Q
Fo(s, 1) = M—_—I;EOS—H H=dJs+7
H
(1.5)
J'JUZm(f)cosAxcosByA/s(x, y)dxdy = 2ncF,,(cA, B)
Q

[[U2m+ l(’E‘)sinAxcosBst(x, y)dxdy = 2ncF,,, . (cA, B)
Q

The last two integrals of (1.5) are evaluated by differentiating the first formula of (1.5) with respect to A. The first few
functions F,,(s, f) have the form

(3 - H*)sinH - 3HcosH

F(s, 1) = 2s 3
H
2 3 2 (1.6)
F _(12-5H")sinH - (12H - H )cos H 4 2(15-6H )sinH~(15H—H3)cosH
(s, 1) = 5 45 7
H H
The system of linear equations is written as follows:
| M N M
c 1 2
5_2 z AP 1 amnt T Z (AkiPak, 1, 2mn * BiPak+1,1,2m n) = TE(e)F,,,(0, tn)
k=01=0 k=0/=0
(1.7)
1 M N 2 M N
c 1 2
52 ZBk1P2k+1,1,2m+1,n+; z(‘Bklpzk,l,Zm,n+Ak1P2k,l,2m+1,n) =0
k=01=0 k=01=0

where the elements that are independent of the aperture angle of the wedge 2¢, i.e. those corresponding to a crack in
an unbounded medium and associated with the principal part of the operator on the left-hand side of Eq. (1.1), have
the form

Pein = HZFK(“’ vin)) Y F,(u, vEmn)Ju’ +c v dudv
00

(1.8)
X =2k2k+1; U=2m2m+1

Here and below, we have introduced the following notation

Y f(xa) = f(+a)+ f(-a)
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The remaining matrix components of system (1.7), to avoid unwieldiness, will be given for a Poisson’s ratio v =1/2:

©0 00 00 00

P,lc_ Lm = ‘[‘”J‘Lﬁ[W;] (u) — cthrtu] shnucosuscosut x

0000

X I exp(—?»p,)Z‘Fl((l'cpl,Bin:l)dp1 J. exp(—kpz)ZFu(icpz,Binn)dpzdudﬁdsdt

Bche Bchs

2 .|
P twn = Py (1.9)
W (u) = sh2ou + usin2q. . W) = ch20u — cos2a

Z(Shzau — uzsinza) sh20u + usin20o

sh2ou — usin2o

Wi(u) = B
ch2ou +u"(1 -cos2a) + 1

Here, j=1, 2 and 3 for Problems A, B and C respectively.
In the general case, it is necessary to add to elements (1.9) components generated by terms at (1 — 2v) in the kernels,
and to take into account the dependence of the function W3(u) on v (see formulae (1.4), (1.8), and (1.11) in Ref. 1).
For elements (1.9), the conditions of symmetry

1
X Lun

1
M, n, X, I

2
X Lyn

2
wnx!

P =P P =P
are satisfied, ensuring symmetry of the matrix of system of equations (1.7) and resulting from the symmetry of the
kernel of Eq. (1.1).

On the basis of solution (1.3), we obtain a formula for the ratio of the normal stress intensity factors (SIFs) for the

case considered and for the case of a crack in space (A =00)
M N
= Y Y [A,,U,,(cosy) + B, Uy, (cosy)]cos(nnsiny) (1.10)

m=0n=0

K,

Ky

where s is the angle between the positive direction of the semi-axis r and a ray stemming from the origin of
coordinates in a direction towards the point on the crack contour at which the ratio (1.10) is calculated.

To test the Ritz method, we will use a regular asymptotic solution obtained earlier,! effective for large values of A
(far from the edge of the wedge). This will be written in the form

) = |1kl

223 L3E(e) AD(e) 2\’ (111
D(e) = (2=cH)E(e) - c’K(e)
where K(e) is the complete elliptic integral of the first kind.
The constant A= when v=1/2 is calculated by means of the formula
P
A, = Iu [Wj (u)thmu — 1]du 1.12)

0

On the basis of solution (1.11), the SIF ratio (1.10) acquires the form

K, A*6‘2 2 ezccosw 1
K SEPYE [3E(e)_ AD(e) }'O(F) (1.13)
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Table 1
2a \ 1.5 1.0 0.8 0.7
c 0.5 0.6 0.5 0.6 0.5 0.6 0.5 0.6
fo 0.419 0.479 0.434 0.507 0.459 0.561 - -
180° K 1.02 1.02 1.04 1.05 1.08 1.11 - -
K> 1.02 1.03 1.08 1.14 1.21 1.50 - -
fo - - 0.414 0.472 0.416 0.476 0.418 0.480
270° K - - 1.01 1.01 1.01 1.01 1.01 1.01
K> - - 1.01 1.01 1.02 1.04 1.03 1.09

where the angle { has the same meaning as in (1.10). Below, we will put K1 = K;/K7° when $=0, and K, = K;/K$°
when i =m.

For Problem A with 2a=180° (a half-space) and v=c=1/2 (here, the constant A+« =—0.4375) we will give the
results of testing the Ritz method: for an opening of the cut at its centre fy =f(0, 0)/qg =0.415 (0.414), and the SIFs have
the values K1 =1.010 (1.003) and K =1.011 (1.005). The asymptotic solution is given in brackets; for 2o =180° it is
applicable when A> 1 +c.!

The Ritz method can be used when \ > ¢ and gives acceptable results for non-acute wedge aperture angles 2a.. When
2a <90°, difficulties arise with the accurate evaluation of the integrals with respect to u in formulae (1.9), since

W;' (1) - cthitu = O(exp(-20u)) when U — +oo

The Ritz method is particularly effective at angles 2o > 1, when the wedge is transformed into an angular notch in
elastic space (a V-shaped groove).

Table 1 gives values of f and the SIFs for Problem A with v=1/2 and different values of 2a, \ and c. The crack
will first begin to propagate towards the edge, and therefore K> is always greater than or equal to K. On approaching
the edge (N decreases, ¢ increases), the value of K> increases if the angle of the wedge decreases. The opening of the
cut fp also increases as the region of the cut approaches the edge of the wedge. The smaller the angle of the wedge
and the relative distance from the area 2 to the edge, the more dangerous is the crack in the sense of its subsequent
propagation.

2. A V-shaped crack in a wedge

It is well known® that the normal stresses outside a V-shaped cut with angle 28 in elastic space at the cut tip have
the same asymptotic form as the contact stresses in the problem of a V-shaped punch with angle 223 on an elastic
half-space. The problems of a cut with angle 23 in the middle half-plane of an elastic wedge with angle 2« and of
the action of a punch on the face of an elastic wedge with angle a, when the contact area in plan occupies this entire
face, with the exception of the V-shaped notch with angle 23 (this area is shown hatched in the figure), are related in
a similar way.

2

Let the region of the cut 2 be a wedge with angle 23 (not hatched in the figure); the angle between the negative
semi-axis z and the neighbouring side of the V-shaped cut is v. In the initial integrodifferential equation (Eq. (1.2) in
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Ref. 1), we will change to polar coordinates according to the formulae

X = pcosy, y = PSinyY, r = r,cosQ, z = rysin@

19 1% ~ _ @.1)
A, >4, = a_ri+’*a’*+za_<p2’ Fy) = fpo W), q(r,2) = q4(ry, @)

and seek its solution in the form of the Mellin integral

1 —5-
Falpw) = = (wp™" ds 2.2)
r

where the contour I must be chosen from the condition fx(0, {) =0. We will use values of the known integrals (formula
2.16.14.3 in Ref. 14, and formula (1.7) in Ref. 15) and we will introduce the notation

sec

R;(s, ©) = %1"(% +s5+ iu){ cosee }[g(% +s5- i“)][l);i—uuz( sing) + P;i_ul/z(—Sin(P)] 2.3)

where I'(z) is the gamma function and PS”"‘ (x) is the Legendre function, to evaluate which it is convenient to use its
representation (formula 8.704 in Ref. 16) in terms of a hypergeometric function.
If the right-hand side of the equation is now represented in the form

1-v p 5/2
G5 (g, @)—— G ZRIIQS (Q)ry (2.4)

and the new notation
@ =Bx+By, ¥ =PBE+Py, By =PB+y-m/2, f;k(\lf) = f,(&), qu(ip)=qs(x)

is introduced, we will arrive at a one-dimensional integrodifferential equation of the form

d2
|:;+B (S+ )}J.f (é)K (B(x-§))dt +

1
+B [ FUEIF,(Bx + By, BE+By)dE = mgy(x), ¥ <1

K (1) = Pg_yp(—cost) (2.5

_T

2cosTts

2,1

u (W; (u) — cthmu)
cos@Qcosy

F (o, y) = %Jshnu{ Y [Ri(-s, W)Ri(s + 1, 9)] -
0

~(1-2)g,(w) Y [Ri(= 5+ 1, W)RY(s + 2, @)1 + Fu(u, 9, ) }du
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For Problem A (j=1,n=2)

uW ., (u)
2cospcosych(mu/2)

Fy(u, ¢, y) = S @.(w)RY(s+1,9)]+

+(1- 2v)g*(u)J' #(D1shry [Ri(=s, W)Ri(s + 2, 0)] -

chmr + chnu{ (2.6)

~Wy(r)sh% Z[dn(r)Ri(s +2,9)] }d:
where the functions @ (¢) are found from Fredholm equations of the second kind

D, (u)-(1 —2V)JL2(u,y)<Di(y)dy = X, (u), 0Su<eo
0

_ _ Mm shryg(¥) oy _ _
Xy(u) = 21 -2v)ch T [ LRI -5+ 1, w)dy @7
0

~2(1 —2v>jL2<u y)yen D E IR s, y)dy
0

For Problems B and C (j=r=2 and 3 respectively), Fy(u, ¢, ) =0.

The index of singularity of the function fx(p, {) when p — 0 is related to points of the spectrum of the operator
on the left-hand side of Eq. (2.5). The poles s of the function f;(&) will be those values of the parameter s at which
non-trivial solutions of the corresponding homogeneous equation may exist, i.e. points of the spectrum of the operator
(2.5); here, sy is independent of &.

To find s¢, Eq. (2.5) is discretized by Bubnov’s method: the solution is sought in the form of an expansion in a
system of basis function v,,(§)

f8) = Y 1,()v,(8) (2.8)

m=0

and, to determine #,,(s), the error is analysed by the second basis {u;};°; as a result, in relation to the unknowns, the
following infinite system arises

Z almtm = ql, l = 0, 1, ces (2.9)
n=0

where

1 1
P { [d_zz + s+ %ﬂ JK.(Bx- é))vm(é)d&}m(x)dx+
-1 -1

n dx

211

+—j [ Fo(Bx + By BE + Ba) 0,(§)w,(x)dEx 2.10)

-1-1

1
= [q,(0w(x)dx

-1
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Here, {wi}32, is a system of projectors onto the basis {1;}7°, i.e. (uy, wy)|r, = By, where 8y, is the Kronecker
delta.

The function f;(§) at £=+1 behaves like (1 — £*)"2. To regularize the initial ill-posed problem — Eq. (2.5) — it is
necessary to take into account this singularity in the coordinate functions, and we will therefore select the following
as the basis functions (formula 7.343 in Ref. 16)

/ 2
V() = N1-EU,(8), u(x) = 2U\(x)
where U,,(x) are Chebyshev polynomials of the second kind. In the system of functions u;(x) the singularity is not

introduced since the right-hand side and the error are continuous functions. By virtue of the condition of orthogonality
of the Chebyshev polynomials, we obtain that

wi(x) = N1=x"U(x)/

Using an expansion of the Legendre function of the form>?3

1 1 °° ‘
zcosn—sps-uz(—cos(f—P)) = ﬁk; G, (s)exp(ik(t - p))
Gi(5)Gi(-s) |k|
Guls) = — 5 ’ _r
«s) 2Gy(s+ )Gi(-s+1) H(s) (2 2 4)

and also the value of the integral obtained using well-known formulae (formulae 7.355, 8.471 and 8.941 in Ref. 16)
1
[ exp(ziax) 1 - U, (x)dx = nexp(ﬂ%n)ﬂ—;—l (@)
-1

twice differentiating with respect to x under the integration sign in formula (2.10) and, in system (2.9), making the
replacements

*
a I =

- A1 [ = t:: f* fl
"+ (m+1)Y ™ m+ 1 1

for the elements aj, = aj,, (s) (I, m=0, 1, ...) we obtain

ak(s) = 26() (B””z) Ty r(Bn) s (Brycos (5 )+

@2.11)

HF(ﬁx+B*,By+B*)J1— K N1=y*U, (U (y)dxdy

T (l+ 1)(m+ 195

The prime on the summation sign denotes that the first term (n = 0) of the series is taken with coefficient Y2.

Owing to the successfully chosen system of basis functions, the series in formula (2.11) converges. If, when s = sz,
the determinant of the infinite-dimensional matrix with elements (2.11) vanishes, then, as follows from expression
2.2)

f*(P,\If)~PY*, 0<Yyu<1, Y4 =-5,-3/2 when p—0



V.M. Aleksandrov, D.A. Pozharskii / Journal of Applied Mathematics and Mechanics 70 (2006) 483-492 491

Table 2

Problem 2B 20
45° 90° 135° 180° 225° 270° 315°
45° 0.048 0.83 0.90 0.95 0.92 0.93 0.94
A 90° 0.96 0.97 0.75 0.81 0.78 0.79 0.79
135° 0.94 0.72 0.66 0.65 0.65 0.65 0.64
45° 0.90 0.88 0.90 0.96 0.93 0.93 0.94
B 90° 0.77 0.74 0.75 0.81 0.78 0.78 0.80
135° 0.67 0.66 0.65 0.64 0.64 0.65 0.64
45° 0.98 0.96 0.95 0.93 0.96 0.96 0.96
B 90° 0.89 0.85 0.81 0.79 0.81 0.82 0.82
135° 0.72 0.67 0.66 0.65 0.64 0.64 0.64

Here, the normal stress outside the cut (the contact pressure in the problem of a punch in an additional region for a
wedge with angle o), according to formula (2.4), has the asymptotic form
-1

Y
ax(P¥)~p  (p—0)

For 3> 0.1 and not too low values of «, it is sufficient to truncate the matrix with elements (2.11) to a dimensional
of 10-12 in order to ensure two significant digits for the zeros of its determinant on the real axis.

Problem B with 2a=360° and F(¢, {s) =0 corresponds to a crack in elastic space. Here we obtain v+ =0.500 for
2B =180°7 and y==0.815 for 28 =90°;'7 at other crack angles, the index v+ corresponds to the singularity y+ — 1 of
the contact pressures at the tip of a V-shaped punch with angle 2 — 23 on an elastic half-space.®

Table 2 gives values of =« for the three problems with B+ =0 (the axis of symmetry of the cut is perpendicular to
the edge of the wedge), v=0.3, and different angles of the crack and the elastic wedge. The influence of the boundary
conditions on the faces of the wedge on the asymptotic forms required falls as the aperture angle 2o of the elastic
wedge increases. For low crack angles, calculations agree with results obtained earlier.'® For example, with 2ac = 270°,
23 =0.4 and B+ =0 for the three problems, we have 0.98 <y« <0.99, which corresponds to a graph obtained earlier
(Fig. 10 in Ref. 2).

Acknowledgement
This research was supported by the Russian Foundation for Basic Research (05-01-00002, 04-01-00119).

References

1. Pozharskii DA. An elliptical crack in an elastic three-dimensional wedge. Izv Ross Akad Nauk MTT 1993;(6):105-12.

2. Babeshko VA, Glushkov YeV, Zinchenko ZhF. The Dynamics of Inhomogeneous Linearly Elastic Media. Moscow: Nauka; 1989.

3. Glushkov YeV, Glushkova NV. Singularities of the elastic stress field in the vicinity of the tip of a V-shaped three-dimensional crack. Izv Ross

Akad Nauk MTT 1992;(4):82-6.

4. Smetanin BI, Sobol’ BV. The equilibrium of an elastic layer weakened by plane cracks. Prikl Mat Mekh 1984;48(6):1030-8.

5. Pozharskii DA. The three-dimensional problem for an elastic wedge having a strip cut. Prikl Mat Mekh 1994;58(5):148-53.

6. Nisitani A, Murakami Y. Stress intensity factors of an elliptical crack or semi-elliptical crack subject to tension. Int J Fract 1974;10(3):
353-68.

. Aleksandrov VM, Smetanin BI, Sobol’ BV. Thin Stress Concentrators in Elastic Media. Moscow: Nauka; 1993.

. Aleksandrov VM, Pozharskii DA. Three-dimensional Contact Problems. Dordrecht etc: Kluwer; 2001.

. Aleksandrov VM, Pozharskii DA. The problem of a V-shaped punch on the face of an elastic wedge. Prikl Mat Mekh 1999;63(1):152-6.

. Pozharskii DA. A V-shaped cut in a three-dimensional elastic wedge. Prikl Mekhanika 1999;35(3):27-32.

. Glushkov YeV, Glushkova NV, Lapina ON. Indices of the singularity of the elastic stresses at the point where a crack reaches the surface. /zv
Ross Akad Nauk MTT 1998;(5):146-50.

12. Glushkov YeV, Glushkova NV, Lapina ON. 3-D elastic stress singularity at polyhedral corner points. Int J Solids and Struct 1999;36(8):

1105-28.
13. Prudnikov AP, Brychkov YuA, Marichev Ol. Integrals and Series. Vol. 1. Elementary Functions. New York: Gordon & Breach; 1986.
14. Prudnikov AP, Brychkov YuA, Marichev OL. Integrals and Series. Vol. 2. Special Functions. New York: Gordon & Breach; 1986.

—_
— O O 00

—_



492 V.M. Aleksandrov, D.A. Pozharskii / Journal of Applied Mathematics and Mechanics 70 (2006) 483—492

15. Aleksandrov VM, Babeshko VA. The pressure on the elastic half-space of a wedge-shaped punch in plan. Prikl Mat Mekh 1972;36(1):

88-93.
16. Gradshtein IS, Ryzhik IM. Tables of Integrals, Sums, Series and Products. New York: Academic Press; 1980.
17. Bazant ZP. Three-dimensional harmonic functions near termination or intersection of gradient singularity lines: a general numerical method.

Int J Eng Sci 1974;12(3):221-43.

Translated by P.S.C.



	Problems of a cut in a three-dimensional elastic wedge
	The Ritz method for an elliptical crack in a wedge
	A V-shaped crack in a wedge
	Acknowledgement
	References


